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The present study was to evaluate the bioavailability of iron (Fe) fortified in parboiled rice grain,
expressed as Fe uptake by Caco-2 cells after in vitro digestion. The bioavailability of Fe-fortified in the rice
grain was closely and positively correlated with increasing concentrations of Fe in the grains of the three
cultivars (r=0.96 ). The uptakes of the Fe-fortified in parboiled rice milled for 120 s (34.2, 47.7 and
107 ng ferritin mg protein~! in three cultivars, respectively) were well above those of the unfortified
raw (6.1, 4.9 and 5.7 ng ferritin mg protein~') or parboiled rice (4.7, 3.6 and 4.4 ng ferritin mg protein~1),
the high Fe rice line IR68144-2B-3-2-2 (4.0 ng ferritin mg protein~') and popular Jasmine rice cultivar
KDML 105 (3.9 ng ferritin mg protein~!). Increasing milling time and rinsing the Fe-fortified parboiled
rice decreased Fe bioavailability, due to their negative effects on total Fe concentrations in the parboiled
rice grains, but uptakes were still well above that of their unfortified raw or parboiled rice grains. Rinsing
or washing the Fe-fortified and milled rice grains decreased the bioavailability to 85 ng ferritin mg pro-
tein~! in the YRF cultivar, compared to about 100 ng ferritin mg protein! in its non-rinsed grains. Dilute
acid-extractable (DAE) Fe was linearly, positively correlated with the uptake of Fe assessed by the in vitro
digestion/Caco-2 cell technique (r=0.90 ), which can be used as a rapid method for optimizing levels of
bioavailable Fe to be fortified in the parboiled rice by parboiled-rice mills if this Fe-fortification technique

should be adopted in south and southeast Asia.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Iron deficiency is the most common nutritional disorder in the
world, causing severe health impacts and economic losses, partic-
ularly among populations suffering economic disadvantages and
limited access to Fe-rich food ingredients in Asia and Africa (Bouis,
1996; Welch & Graham, 2004). It is estimated to affect more than
3.6 billion people in the developing world (World Health Organiza-
tion, 2002). Both short-term and long-term solutions have been re-
searched and applied to address this problem, including direct Fe
fortification in food (such as rice and wheat flours) and biofortifica-
tion by selecting and breeding crops of high Fe density (Graham &
Welch, 1996; Hurrell, 1998; Welch & Graham, 2002). Our research
group has recently pioneered an innovative approach to fortify Fe
in parboiled rice as a short-term solution to Fe deficiency in south
Asia and South Africa where there are concentrated regions of par-
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boiled rice consumption (Prom-u-thai, Fukai, Godwin, Rerkasem, &
Huang, 2008).

Parboiled rice is made from approximately 20-50% of world rice
production and is the staple food in South Asian countries and Afri-
ca (Bhattacharya, 2004; Choudhury, 1991; Pillaiyar, 1981). Iron
concentrations in Fe fortified parboiled rice grains (white rice)
were increased to as high as 70-144 mg Fe kg~! dry weight in
60 s milled parboiled rice (Prom-u-thai et al., 2008), compared to
the relatively low Fe status in raw rice grains from conventional
breeding (7-13 mg Fe kg~! dry weight) and 37 mg Fe kg~' dry
weight from transgenic rice (Vasconcelos et al., 2003). These find-
ings about the significant enhancement of Fe density in parboiled
rice through Fe-fortification provide a basis for developing a poten-
tially cost-effective and highly adoptable solution to the improve-
ment of Fe intake in the rice-based diet of these countries, by
taking advantage of the production process already widely used
in the industry.

However, the bioavailability of fortified Fe in the parboiled rice
has not been assessed, nor have various factors which are most
likely to affect its bioavailability. This information will provide an
important basis for further research establishing criteria for opti-
mizing Fe density and uptake of the fortified Fe in parboiled rice.
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Our initial assessment showed that 60-95% of Fe in the milled
grain of Fe-fortified-parboiled rice is in the DAE Fe form (free Fe)
(Prom-u-thai et al., 2008), indicating that the fortified Fe in par-
boiled rice is potentially highly bioavailable Fe for human uptake.

The objectives of the present study were: (1) To investigate the
relationship between Fe concentrations in the fortified parboiled
rice and the uptake of the Fe quantified by an in vitro digestion/
Caco-2 cell technique (Glahn, Chen, Welch, & Gregorio, 2002;
Glahn, Lee, Yeung, Goldman, & Miller, 1998), for the estimation
of the relative efficacy of fortified Fe in the parboiled rice. (2) To
establish the relationship between DAE Fe and uptake of Fe as an
indirect bioavailable Fe index for developing a rapid and reliable
method of estimating bioavailable Fe density in rice grains, to be
used in parboiled-rice mills for routine analysis. (3) To measure
the effect of rinsing and milling time on Fe uptake. For comparison,
an advanced line for high Fe concentration from IRRI, IR68144-2B-
3-2-2, a popular Thai Jasmine rice, KDML 105, a commercial Thai
parboiled rice and a commercial white bean from the USA (rich
in bioavailable Fe) have been used as references in the assessment
of uptake of fortified Fe in the parboiled and milled rice grains.

The in vitro digestion/Caco-2 cell technique has been confirmed
as the best in vitro technique to assess the relative amount of
bioavailable Fe in foods, and is useful under conditions where
screening is necessary to refine the test samples for in vivo trials
(Ariza-Nieto, Blair, Welch, & Glahn, 2007; Oikeh, Menkir, Maziya-
Dixon, Welch, & Glahn, 2003, 2004). Iron uptake in this model is
measured via the formation of ferritin - the intracellular Fe storage
protein, which forms in response to cell-iron uptake in this intesti-
nal epithelial cell line (Glahn et al., 1998, 2002). This technique has
previously been applied to measure the bioavailability of Fe in rice
samples (Glahn et al., 2002; Prom-u-thai et al., 2006).

2. Materials and methods
2.1. Fe-fortified-parboiled rice

Samples of Fe-fortified-parboiled and unfortified raw and par-
boiled rice of 3 cultivars (Echuga, YRF 2 and Opus) were selected
from a previous study (Prom-u-thai et al., 2008). The total Fe con-
centration of rice samples selected from the previous experiment
are shown in Table 1. The Fe fortification process has been de-
scribed previously (Prom-u-thai et al., 2008). Briefly, 150 g of pad-
dy rice were subsampled for each cultivar and rinsed thoroughly in
3 changes of distilled deionised water (DDI) before applying treat-
ments. For Fe fortification treatments, rinsed paddy rice was
soaked with 150 ml of Fe solution, consisting of ferrous sulphate

Table 1

(FeSO4) and ethylenediaminetetra-acetic acid disodium salt
(Na;EDTA) mixed in 2:1 molar ratios with 11.16 g Fe per 100 g of
paddy rice (~13% moisture content). For producing the unfortified
parboiled rice (control), rinsed paddy rice was soaked with 150 ml
of distilled triple deionised water (TDI) for 24 h at room tempera-
ture. Soaked grains, after draining off free water, were steamed
with a pressure of 2.29 kg cm~2 at 110 °C for 10 min. The grains
were cooled and sun-dried to approximately 11% moisture content.

2.2. Husking and milling

The preparation of brown and white rice of the parboiled rice
was described in Prom-u-thai et al. (2008). The dried parboiled rice
grains were separated into brown rice (unmilled caryopsis) and
husk (palea and lemma) with a testing husker (Satake model
THU-35A, Japan), followed by milling for 60 or 120 seconds to yield
white rice, using a laboratory milling machine (Satake model TM
05, Japan). Aliquots of the grain samples (unmilled and milled)
were digested in nitric-perchloric acid (5:1) at 120-180 °C and
analyzed for total Fe concentration by ICP-AES (Zarcinas, Cart-
wright, & Spouncer, 1987).

2.3. Rinsing of samples

Samples were rinsed to simulate rice washing behaviour when
cooking parboiled rice. The milled samples of raw, non-fortified
and Fe-fortified parboiled rice were thoroughly rinsed in 3 changes
of 200 ml of TDI water (2:1 v/w (water/rice) ratio) (Hettiarachchi,
Hilmers, Liyanage, & Abrams, 2004; Tulyathan, Mekjarutkul, & Jon-
gkaewwattana, 2005) and after being drained of water, autoclaved
for 15 min to simulate the cooking process for preparing cooked
rice samples. The cooked rice samples were then homogenized in
a Polytron homogenizer and the homogenate was frozen and then
lyophilized to dryness before testing via the in vitro digestion/
Caco-2 cell system.

2.4. Dilute acid-extractable Fe

For dilute acid extraction, approximately 0.5 g of milled Fe-for-
tified-parboiled rice grains was weighed into a 50 ml flask. Each
sample was treated with 10 ml of 0.1 M HCl and placed on a hot-
plate at 60 °C for 30 min. After the extraction of soluble Fe, the res-
idue was analyzed for insoluble Fe by the method described in total
Fe analysis. Soluble Fe in the fortified Fe rice was calculated by the
deduction from total Fe concentration of insoluble Fe
concentration.

Fe concentration in milled rice of Fe-fortified-parboiled rice and unfortified raw and parboiled rice after milling for 60 and 120 s of 3 cultivars

Cultivar Milling time (seconds) Fe concentration (mg kg~ 1)
Unfortified Fe-fortified-parboiled
Raw Parboiled
Echuga 60 52+0.6 45+04 68.1+3.4
120 3.6+0.6 3.0+03 27.7+0.3
YRF 2 60 3.7+0.8 3.5+0.8 82.9+6.8
120 2.0+£05 2.0+0.7 41.8+5.0
Opus 60 72103 8.4+09 144 +£29.3
120 22+0.1 3.6+0.1 110+ 3.6
IR68144-3B-2-2-3° 3.6+0.3 - -
KDML 105* 29+0.6 - -
Commercial Thai parboiled rice? 2.2+0.1 3.4+02
Commercial white bean® 58.0 - -

Values are means + SEM (n = 3) (Prom-u-thai et al., 2008).

2 Origin of line IR68144-3B-2-2-3 is IRRI, Philippines. KDML 105 and commercial Thai parboiled rice is from Thailand. Commercial white bean is from USA.
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2.5. Bioavailable Fe

Iron uptake from the rice samples was measured via an in vitro
digestion of 1 g cooked rice samples and subsequent exposure of
that digest to cultured Caco-2 cells, thus simulating Fe uptake at
the intestinal surface. In this model, Caco-2 cells’ ferritin formation
was used as a proxy for Fe uptake by the enterocytes (Glahn et al.,
1998). Immunoradiometric assay was used to quantify Caco-2 cell
ferritin content (FER-Iron II Ferritin Assay, RAMCO Laboratories,
Houston, TX). A 10 pl sample of the sonicated Caco-2 cell mono-
layer; harvested in 2 ml of water, was used for each ferritin mea-
surement (Glahn et al., 1998). The FeCl; with ascorbic acid
(50 uM Fe with 1 mM ascorbic acid) was used as a positive control
to verify responsiveness of the Caco-2 cells to uptake of Fe. An
advanced line, with improved Fe concentration from IRRI, IR68144-
3B-2-2-3, a popular Jasmine rice from Thailand, KDML105, a com-
mercial Thai parboiled rice and a commercial white bean (rich in
bioavailable Fe), was included in the assay of Fe uptake for the pur-
pose of comparison with the Fe-fortified parboiled rice.

2.6. Data analysis

Analysis of variance was carried out to detect the differences of
Fe uptake between Fe-fortified-parboiled rice and unfortified raw
and parboiled rice, under different milling time and rinsing condi-
tions of 3 rice cultivars by using Statistic 7, analytical software,
SXW (Tallahassee, FL, USA). The least significant difference (LSD)
at P< 0.05 was applied to compare the means for any significant
difference. The correlation coefficients between the uptake of Fe
and Fe concentration and between uptake of Fe and Fe solubility
in dilute acid extraction were determined in Fe-fortified-parboiled
rice of 3 cultivars.

3. Results

The uptake of Fe by Caco-2 cells, in the 120 s (equivalent com-
mercial milling time) milled grains, increased significantly with
increasing levels of Fe loaded into the parboiled rice (Fig. 1). The
uptake of Fe in Fe-fortified-parboiled rice ranged from 34 to
107 ng ferritin mg protein~' across the 3 cultivars tested. In com-
parison, the unfortified raw or parboiled rice of these cultivars had
very low levels of Fe uptake, 4-7 ng ferritin mg protein~'. IR68144-
2B-3-2-2 (a selected high Fe line) and KDML 105 (a popular
jasmine rice) selected from conventional breeding had the lowest
level of bioavailable Fe, less than 5 ng ferritin mg protein~!. Com-
mercial US white bean, as a reference sample, which is known to be
rich in bioavailable Fe, had about 57 ng ferritin mg protein~!. The
cultivar Opus (107 ng ferritin mg protein~!) had a higher Fe uptake
than had YRF 2 (47.7 ng ferritin mg protein~!) or Echuga (34.2 ng
ferritin mg protein~!), which matched the order of the fortified
Fe density in their parboiled rice grains (Fig. 1).

There was a close positive correlation between Fe uptake and
total Fe concentrations in the rice samples tested: the unfortified
raw and parboiled rice and Fe-fortified parboiled rice of the 3 cul-
tivars tested (r=0.96 ) (Fig. 2).

Increasing milling time decreased the level of Fe loaded into the
Fe-fortified parboiled rice and its Fe uptake (Fig. 3, Table 1), but the
Fe uptake remained relatively high at 35-120 ng ferritin mg pro-
tein~! after milling for 120 s, which was well above those of the
unfortified raw and parboiled rice grains and the high Fe rice,
and remained comparable to that of the legume sample - commer-
cial US white bean (Fig. 3, Table 1).

Rinsing the Fe-fortified, parboiled grains of YRF 2 decreased to-
tal Fe concentrations in the grains and thus the amount of bioavail-
able Fe in the grain, based on the Fe uptake test by Caco-2 cells

300 1
Wz Raw
250 HEHER Parboiled
E= Fe-fortified-parboiled
200 1 Cell baseline
B FeCI3+AA
150

Bioavailability of Fe (ng ferritin mg protein'1)

Fig. 1. Bioavailability of Fe from digests of rice samples in 3 cultivars after milling
for 120 s. Commercial Thai parboiled rices, IR68144-2B-3-2-2, KDML 105 and a
commercial US white bean are also included. Values are means + SEM (n = 3). FeCl3
with ascorbic acid (50 uM Fe with 1 mM ascorbic acid) served as a positive control
to verify responsiveness of the Caco-2 cells to bioavailable Fe.
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Fig. 2. Relationship between bioavailability of Fe and total Fe concentration in
unfortified raw and parboiled rice and Fe-fortified-parboiled rice of the 3 cultivars.
The dataset was from test results with grains milled for 60 and 120 s (n = 54).
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Fig. 3. Effect of milling time (60 and 120 s) on the bioavailability of Fe from raw,
parboiled, and Fe-fortified parboiled rices of selected cultivars. Values are
mean + SEM (n = 3).
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Fig. 4. Effects of rinsing before cooking on the bioavailability of Fe from raw,
parboiled, and Fe-fortified parboiled rices of selected cultivars. The different types
of grains were all milled for 60 s. Values are means + SEM (n = 3). Numbers above
the bar are Fe concentrations (mg kg™1).
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Fig. 5. Relationship between the dilute acid-extractable Fe and Fe bioavailability
(in vitro test) in 3 cultivars of Fe-fortified-parboiled rice. The dataset was pooled
from test results with grains milled for 60 and 120 s (n=18).

(Fig. 4). However, this effect was not strong enough to diminish the
enhanced levels of bioavailable Fe in the Fe-fortified parboiled
grain, resulting in 85 ng ferritin mg protein~! Fe uptakes in rinsed
grains, compared to about 100 ng ferritin mg protein~! of non-
rinsed grains in cultivar YRF 2 (Fig. 4). This level of Fe uptake in
rinsed grains remained well above those of unfortified raw and
parboiled rice, remaining comparable to that in the reference sam-
ple of white bean. The rinsing effects were also observed in unfor-
tified raw and parboiled rice grains in cultivar Opus (Fig. 4).

Moreover, the present study found that there was a close posi-
tive linear correlation between the uptake of Fe and DAE Fe in
milled grain of Fe-fortified-parboiled rice grains of the 3 rice culti-
vars (r=0.90 ) (Fig. 5).

4. Discussion

Our previous study has established that Fe fortification of paddy
rice during the parboiling process increased the Fe concentrations
in milled rice grain by about 20-50 times, compared to those in
unfortified raw rice (Prom-u-thai et al., 2008). In the present study,
the amount of bioavailable Fe, which was assessed using the
in vitro digestion/Caco-2 cell culture technique, was closely and
positively correlated with the increasing level of Fe-fortified in
the parboiled rice grains, regardless of cultivars. This suggests a
high efficacy potential of the Fe-fortified in the whole grain of par-
boiled rice for improving Fe nutrition in rice-based human diets.
Increasing milling time and rinsing the Fe-fortified parboiled rice
decreased the amount of bioavailable Fe, due to their negative ef-
fects on the total Fe concentrations in the parboiled rice grains;

however, the values remained well above those in the unfortified
raw or parboiled rice. This is because more than 50% of the fortified
Fe in the fortified parboiled rice grains was retained in the grains
after 3 repeated rinsings, except for the Opus variety milled for
120 s (Prom-u-thai et al., 2008). There was a close linear relation-
ship between DAE Fe concentrations and the uptake of Fe assessed
by the in vitro digestion/Caco-2 cell culture technique. As a result,
the analysis of DAE Fe can be used as a rapid method for quantify-
ing levels of potentially bioavailable Fe in the Fe-fortified parboiled
rice in parboiled rice mills if this whole grain Fe-fortification tech-
nique should be adopted for use in south and southeast Asia. For
comparison, the levels of bioavailable Fe in the Fe-fortified par-
boiled rice grains were well above the unfortified raw or parboiled
rice of the improved line of high Fe rice IR68144-2B-3-2-2 and
popular Thai Jasmine rice, KDML 105, and were even comparable
to the Fe-rich legume - a commercial white bean.

The results strengthen the suggestion that Fe fortification of
parboiled rice could be an effective solution for improving Fe nutri-
tion in populations exposed to the risk of Fe deficiency from lim-
ited access to high Fe food. The fortified Fe in the parboiled rice
remained highly bioavailable, even after 120 s milling or repeated
rinsing treatments. This is because of the inward movement of Fe
into the endosperm cell layers (Prom-u-thai et al., 2008). The in-
creased distribution of the fortified Fe in the endosperm during
the parboiling process is much higher than the natural distribution
of Fe in unfortified raw or parboiled rice grains.

Fortification of Fe through the parboiling process seems to in-
duce the movement of fortified Fe into the inner part of grain
and endosperm, possibly via the dorsal vascular bundle present
in the kernel (Prom-u-thai et al., 2008). The uptake of Fe in Fe-for-
tified-parboiled rice was about 8 or 22-fold higher than that in
unfortified-raw and parboiled rice in 60 s milled grain and 5 or
24-fold in 120s milled grain among the different rice varieties
tested. Moreover, the uptake of Fe by Caco-2 cells was also higher
in Fe-fortified-parboiled rice than in a commercial Thai parboiled
rice, KDML 105, a popular Jasmine rice, IR68144-2B-3-2-2, an im-
proved line with high Fe concentration and a commercial white
bean consumed in the USA as a source of Fe nutrition. This suggests
that Fe fortified in parboiled rice, even after milling to produce
white rice, is in a highly bioavailable form that can help parboiled
rice consumers.

The significantly elevated levels of bioavailable Fe in the Fe-for-
tified parboiled rice grains was also related to the high solubility of
the fortified Fe retained in the grains. In the 3 cultivars tested,
more than 60% of the fortified Fe remained soluble in dilute acid.
The uptake of Fe in milled grain of Fe—fgrtiﬁed—parboiled rice is lin-
early correlated with DAE Fe (r=0.90 ). This suggests that DAE Fe
can be used as an indirect indicator of potentially bioavailable Fe in
rice, in addition to the Fe uptake assayed by the in vitro digestion/
Caco-2 cell culture technique. This will provide a simple and rapid
method for assessing and optimizing the level of Fe fortification in
parboiled rice of different cultivars when the Fe-fortification tech-
nique is adopted by the rice mills.

Iron fortification of parboiled rice have its advantages over di-
rect food fortification with an alternative NaFeEDTA compound,
such as in rice flour (Hettiarachchi et al., 2004), rice meal (Haas
et al., 2005; MacPhail, Patel, Bothwell, & Lamparelli, 1994), corn
(Walter, Pizarro, & Olivares, 2003) and fish/soy sauces (Fidler,
Davidsson, Walczyk, & Hurrell, 2003; Thuy et al., 2003). Iron forti-
fication of raw rice grains has been developed by special and
expensive rice surface coating techniques such as the flour gel
(Tulyathan et al., 2005) and cellulose polymer coated methods
(Peil, Barrett, Rha, & Langer, 1981). However, it has not been suc-
cessful in the market as consumers easily detect the altered colour
and habitually remove the fortified grains mixed with the normal
grains (Hurrell & Cook, 1990). Iron-fortification of parboiled rice
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can utilize the existing industrial infrastructure for processing par-
boiled rice and the well-established distribution network in devel-
oping countries, such as Bangladesh, Sri Lanka, India and South
Africa, where parboiled rice is mostly being consumed (Choudhury,
1991). However, before any commercial adoption of this technol-
ogy, the following questions have to be addressed satisfactorily
in further research: (1) What is the sensory quality of the Fe-forti-
fied parboiled rice? (2) Can the bioavailability of the fortified Fe de-
cline over time under normal storage conditions? (3) What is the
economically feasible loading rate of Fe for producing the Fe-forti-
fied parboiled rice?
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